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Abstract 

Cardiac left ventricle hypertrophy (LVH) constitutes a major risk factor for heart failure. Although LVH is most commonly 
caused by chronic elevation in arterial blood pressure, reduction of blood pressure to normal levels does not always result in 
regression of LVH, suggesting that additional factors contribute to the development of this pathology. We tested whether 
genetic preconditions associated with the imbalance in sodium homeostasis could trigger the development of LVH without 
concomitant increases in blood pressure. The results showed that the presence of a hypertensive variant of oc-adducin gene 
in Milan rats (before they become hypertensive) resulted in elevated expression of genes associated with LVH, and of salt- 
inducible kinase 2 (SIK2) in the left ventricle (LV). Moreover, the mRNA expression levels of SIK2, a-adducin, and several 
markers of cardiac hypertrophy were positively correlated in tissue biopsies obtained from human hearts. In addition, we 
found in cardiac myocytes that a-adducin regulates the expression of SIK2, which in turn mediates the effects of adducin on 
hypertrophy markers gene activation. Furthermore, evidence that SIK2 is critical for the development of LVH in response to 
chronic high salt diet (HS) was obtained in mice with ablation of the sik2 gene. Increases in the expression of genes 
associated with LVH, as well as increases in LV wall thickness upon HS, occurred only in sik2 +/+ but not in s\k2~'~ mice. Thus 
LVH triggered by HS or the presence of a genetic variant of a-adducin requires SIK2 and is independent of elevated blood 
pressure. Inhibitors of SIK2 may constitute part of a novel therapeutic regimen aimed at prevention/regression of LVH. 
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Introduction 

Cardiac hypertrophy (CH) is a thickening of the heart muscle 
wall that reduces the volume of the cardiac chambers, and 
constitutes a major risk factor for heart failure [1,2]. The most 
common form of CH (increased left ventricle mass) is caused by 
chronic high arterial blood pressure. However, even if blood 
pressure is normalized, CH may not regress completely. This 
suggests that additional factors, independently of high blood 
pressure, may contribute to the development of CH. Among those 



factors, genetics [3] (salt-sensitive individuals) and life style [4] 
(high salt content of the diet) are assumed to play a significant role. 

High dietary salt content has been associated with increased left 
ventricle mass (LVM) in humans (regardless of the blood pressure) 
[5,6] as well as in experimental animals [7]. Although several 
molecular targets have been proposed to be responsible for the 
development of CH [8] , a critical molecular target within cardiac 
myocytes with an active role in this process (linking high salt intake 
to CH) has remained elusive. In rats, elevated salt intake triggers 
the expression of salt-inducible kinase (SIK) within the adrenal 
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glands [9] and influences aldosterone synthesis [10]. SIK belongs 
to the AMPK family of kinases [11,12] and consists of three 
isoforms. Involvement of SIK isoforms has been demonstrated in 
pathophysiological processes within various tissues, among them 
skeletal myocytes, where SIK1 promotes cell survival [13], and in 
the liver, where it regulates fast glucose metabolism [14]. 
Additionally, SIK1 participates in the regulation of cell sodium 
transport through association with, and activation of Na + ,K + - 
ATPase upon increases in intracellular sodium [15] and in 
response to G protein-coupled receptors [16]. Blocking SIK1 
prevents the renal cell hypertensive phenotype associated with the 
hypertensive variant of human a-adducin [17]. Recently, we 
observed that SIK1 also regulates Na ,K + -ATPase activity in 
vascular smooth muscle cells and is associated with variations in 
blood pressure and LVM [18]. SIK1 has been isolated from the 
myocardium [19,20], and the lack of SIK1 in mouse embryonic 
stem cells impairs cardiomyogenesis [21]. 

Because SIK proteins are important cellular targets influencing 
normal myocardial development, sodium reabsorption and blood 
pressure, we hypothesized that genetic preconditions alone or in 
combination with elevated salt intake/abnormal sodium homeo- 
stasis could directly influence the development of CH via cardiac 
SIK networks and independently of high arterial blood pressure. 

Materials and Methods 

Ethics Statement 

Human heart biopsies were taken from the left ventricle of 
patients undergoing heart valve surgery [22]. Subjects had given 
their written informed consent to participation. The study was 
approved by the ethics committee at the Karolinska Institutet, 
Stockholm, Sweden. All clinical investigation was conducted 
according to the principles expressed in the Declaration of 
Helsinki. Milan normotensive and hypertensive rats (30 days-old) 
were obtained from the Prassis Sigma-Tau Research Institute 
breeding unit. They were housed inside a limited access animal 
facility and had free access to food and water. The sik2 1 mouse 
(C57BL/6J background) has been previously described [23]. Male 
sik2 1 mice and wild-type litters were grouped (n=7— 10) and 
served Milli-Q, water supplemented with or without 1% NaCl 
during the periods from 13 weeks old to 25 weeks old. All animals 
were maintained under standard conditions of light (7 a.m., 
7 p.m.) and temperature (22°C, 55% humidity) and all surgical 
procedures were performed under anesthesia and efforts were 
made to minimize suffering. The care and husbandry of animals 
were in accordance with European Directives no. 86/609. Ethics 
committees at the Karolinska Institute, Prassis Research Institute, 
NIBIO, University of Porto, and NCVC approved all experimen- 
tal protocols. 

Cell Line 

Cell-based studies were performed using a cell line (HL-1) 
derived from mouse atrial myocytes [24] . This cell line retains the 
myocyte phenotype in culture. Cells were grown in Claycomb 
medium (Sigma) with addition of 10% fetal bovine serum, 
100 units/ml penicillin and 100 jig/ml streptomycin, 1% L- 
glutamine, and 10 |J,M norepinephrine (Sigma). Cells were grown 
in flasks coated with fibronectin (25 |J,g fibronectin in 2 ml of 
0.02% gelatin). Studies were performed when cells reached 70% 
confluence. 

Plasmids and Transfection 

Plasmids for the expression of a-adducin (G460/S586: normo- 
tensive, W460/C586: hypertensive) were designed and construct- 



ed as described [25]. SIK2 wild-type (WT) and kinase-deficient 
(K49M) cDNAs are described elsewhere [23]. MEF2 and MEF2- 
mutant luciferase vectors were obtained from Zixu Mao (Depart- 
ments of Pharmacology and Neurology, Emory University School 
of Medicine, Atlanta, GA, USA) [26]. BNP promoter tagged 
luciferase was obtained from Professor David Gardner, and (3- 
MHC promoter tagged luciferase originated from Dr. Robert 
MacLellan. Transient transfections were performed using lipofec- 
tion (LipofectAMINE 2000, Invitrogen) according to the manu- 
facturers' instructions, a-adducin siRNA (sc-43254), y-adducin- 
siRNA (sc-29641) and sc-siRNA (sc-37007) were purchased from 
Santa Cruz Biotechnology. Transfection was performed according 
to the manufacturer's recommendations. 

Determination of MEF2, BNP and p-MHC Promoter 
Activity 

Cells were plated in 12-well plates and transiently transfected 
with either the normotensive or hypertensive variant of a-adducin. 
MEF2-, BNP-, (3-MHC luciferase promoter construct and Renilla 
luciferase vector (50:1 ratio), and either SIK2-WT, SIK2-K49M 
were used. After 36 h expression, each of the promoter-derived 
firefly luciferase and Renilla luciferase activities were analyzed 
with Dual Luciferase Kit (Promega, Madison, WI, USA) according 
to manufacturer's protocol and the activity was expressed in 
arbitrary units, or percentage change of the ratio MEF2, BNP and 
(3-MHC /Renilla luciferase. 

Expression of SIK Protein Isoforms in HL-1 Cells 

Cell homogenates (total protein content 150 |J,g) were separated 
on SDS-PAGE. Proteins were transferred to PVDF membranes 
and Western Blot was performed using specific SIK2 and SIK1 
antibody [27]. 

Determination of SIK2 Activity 

HL-1 cells that had been transformed with pEBG-SIK2 
(expression vector for GST-fusion protein) [28] were lysed with 
1 ml of IP lysis buffer (50 mil Tris-HCl (pH 8.0), 5 mM EDTA, 
5 mM EGTA, 2 mM DTT, 50 mM glycerol 3-phosphate, 50 mM 
NaF, 1 mM NaV04, 0.5% Triton X-100, 1 mM phenylmethyl- 
sulfonyl fluoride, 10 micro g/ml leupeptin, and 14 micro g/ml 
aprotinin). GST-SIK2 protein was purified with glutathione- 
Sepharose column (GE-Healthcare). To detect SIK2 and 
phospho-SIK2 (pT175), anti-SIK2 antibody and anti-phospho- 
SIK1 (pT182) that recognize the pT175 (phospho amino acid that 
reflects activation in SIK2 protein) were used [27]. All samples 
were run on the same SDS-PAGE and Western Blot was 
performed. The membranes were probed with an antibody 
against phosphorylated SIK1 and with a polyclonal antibody 
against SIK2 that recognize multiple epitopes in the protein 
(reflecting total amount of SIK2 on the blot). SIK2 activity was 
expressed as the ratio between the phosphorylated to the total 
amount of SIK2 expressed as previously described [18]. 

Gene Expression Analysis 

Human heart biopsies and heart samples from mice and rats 
were directly incubated with RNAlater (Ambion, Austin, TX) and 
homogenized with a FastPrep using Lysing Matrix D tubes (MP 
Biomedicals, Germany). Total RNA from tissue or HL-1 cells was 
isolated using Trizol (Invitrogen, Paisley, Scotland, UK) and 
RNeasy Mini kit (Qiagen, Hilden, Germany) including treatment 
with RNase-free DNase set (Qiagen) according to manufacturer's 
instructions. Reverse transcription of total RNA (500 ng) was 
performed using RevertAid™ H Minus M-MuLV First Strand 
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cDNA Synthesis Kit (Fermentas, Life Science). Rat, murine and 
HL- 1 cDNA was amplified using StepOnePlus 1M Real-Time PCR 
System (Applied Biosystems, Foster city, CA). The relative amount 
of the mRNA of interest was normalized against to RPLPO - 
ribosomal protein, large, PO - and TBP - TATA box binding 
protein - mRNAs using the comparative Gt-method. The cDNA 
from human heart biopsies (n = 1 39) was amplified as previously 
described [22]. 

Immunohistochemistry 

The tissue was fixed in formaldehyde and mounted in paraffin. 
Slides were stained with haematoxylin and eosin. 

Determination of Blood Pressure Levels 

Systolic blood pressure was measured in Milan normotensive 
and hypertensive rats by tail pletysmography (BP recorder, U. 
Basile, Varese, Italy) in conscious rats. The reported values are the 
average of at least three different measurements. Telemetry was 
used for measuring blood pressure in sik2 +/+ and sik2 ' mice. 
The carotid artery implantation was adapted from previously 
published [29]. Mice were anesthetized by intraperitoneal 
injection (10 ml/kg) of ketamine (150 mg/kg), medetomidine 
(1 mg/kg) and butorfanol (1 mg/kg) in 0.9% saline. Briefly, 
animals were placed on their backs on a heated pad (37°C) and a 
1-2 cm incision at the level of the ventral neck was performed. 
Salivary glands were gently separated and the right common 
carotid artery was carefully isolated. Telemetry transmitter was 
inserted into the carotid after cranial permanent ligature and 
temporary caudal occlusion. Catheter tip was positioned and 
secured in the aortic arch. The body of the device was slipped in a 
subcutaneous pocket and inserted through the same neck incision, 
on the left flank, as close as possible to the left hindlimb of the 
animal. Lastly, the skin was sutured with 6/0 skin suture. After 
recovery (5 days after surgery), telemetry probes were magnetically 
turned on and blood pressure, heart rate and activity were 
monitored for 6 days with Dataquest A.R.T. Acquisition software 
(DSI). Collected data was analyzed with Dataquest A.R.T. 
Analysis software (DSI). 

Cardiac Function and Morphology 

The cardiac function and morphology were assessed using a 
Vevo 2 1 00 device equipped with an MS-400 probe (VisualSonics 
Inc., Toronto, Canada). Mice anesthetized with isoflurane were 
laid in the supine position, and the parasternal left ventricular (LV) 
short-axis view was acquired. The thickness of the left ventricular 
anterior (LVAW) and posterior wall (LVPW) was measured by 
using M-mode echocardiograms. Fractional shortening (FS) was 
calculated as follows: FS (%) = {(LVDd-LVDs)/LVDd} x 100; 
(LVDd, LV end-diastolic diameter; LVDs, LV end-systolic 
diameter). 

Hemodynamic Studies 

After anesthesia with isoflurane, a IF Mikro-Tip Ultra- 
Miniature Pressure-Volume catheter (Millar Instruments, Hous- 
ton, TX) was inserted into the LV through the right carotid artery 
to record baseline hemodynamics in the closed chest with the 
Pressure-Volume Conductance System (Millar Instruments) con- 
nected to a physiological recorder (PowerLab system, AD 
Instruments, Mountain View, CA). All data were analyzed with 
the PVAN 3.4 software package from Millar Instruments. 



Statistics 

Linear regression analysis was used to analyze the data obtained 
from human hearts biopsies. Quantitative data were statistically 
analyzed (mean, s.e.m., s.d., t-test or Mann- Whitney as appropri- 
ate) and plotted using GraphPad Prism software. P values less than 
0.05 were considered statistically significant. 

Results 

Left Ventricle Hypertrophy Markers Increase without 
Elevated Arterial Blood Pressure 

To examine whether development of the cell hypertrophic 
phenotype in cardiomyocytes may precede increases in arterial 
blood pressure, we used Milan hypertensive rats (MHS). This 
animal model harbors a genetic variation within the cytoskeletal 
protein a-adducin (Addl Phe316Tyr) [30], and all the rats that 
carry this variation will develop hypertension with age [31]. Thus, 
we could examine certain molecular markers associated with CH 
in hearts (left ventricle) from 30-day-old rats before they developed 
hypertension (MHS-pre) and compare to normotensive, 30-day- 
old matched controls (MNS). These rats, MHS-pre, have 
significantly higher body weight (Figure 1A), normal left ventric- 
ular weight indexed to body weight (Figure IB), and, as expected, 
normal systolic blood pressure (Figure 1C) when compared to 
MNS. The mRNA levels of NPPB (gene for brain natriuretic 
peptide), ot- and P-MHC (myosin heavy chain) were examined 
from left ventricle (LV) samples. The mRNA levels of NPPB 
(Figure ID) and P-MHC (Figure IE) were significantly increased 
in LV from MHS-pre, whereas ot-MHC levels (Figure IF) were 
similar to those in MNS. There were no obvious microscopic 
changes within the myocardium associated with hypertrophy 
between the MNS and MHS-pre hearts (Figure 1G), or in the 
expression levels of genes associated with cardiomyocyte remod- 
eling/fibrosis (not shown). Interestingly, when we examined the 
mRNA expression levels for all three SIK isoforms (Figure 1 H) we 
found that only SIK2 (middle panel), but not SIK1 (left panel) or SIK3 
(right panel), was significantly elevated in hearts from MHS-pre 
when compared to MNS. 

SIK2 Mediates the Effect of Adducin on Hypertrophy 
Genes Expression 

To examine whether adducin isoforms could influence the 
expression levels of SIK2, we first analyzed if there were 
correlations between the expression levels of a-, [3-, and y-adducin 
and the expression patterns of all three SIK isoforms at the mRNA 
level in samples obtained from tissue biopsies of 1 39 human hearts 
from patients undergoing heart valve surgery [22]. There was a 
positive and significant correlation between the expression levels of 
a- (Figure 2A, left panel) and y-adducin (Figure 2A, right panel) and 
the expression of SIK2 but not between (5-adducin and any SIK 
isoform (not shown). Furthermore, siRNA experiments in a cell 
line derived from mouse atrial myocytes (HL-1 cells) showed that 
the transient knockdown of a-adducin gene led to a decreased 
expression of SIK2 (Figure 2B and C, left panels), whereas the 
knockdown of y-adducin isoform did not significantly reduce SIK2 
expression (Figure 2B and C, right panels). 

Next, the correlation between mRNA levels of SIK2, a- or y- 
adducin with molecular markers of CH was further analyzed in 
the human hearts (Figure 3). The results showed a positive and 
significant correlation between the expression levels of SIK2 and 
P-MHC (Figure 3A, left panel), cardiac-specific P-MHC (Figure 3A, 
middle panel), sarcomere P-MHC (Figure 3A, right panel), and 
skeletal actin (ACTA1) (Figure 3B). Also, ot- and y-adducin 
correlated positively and significantly with sarcomere P-MHC 
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Figure 1. Expression of cellular markers of CH in normotensive- and pre-hypertensive Milan rats. Studies were performed in 
normotensive (MNS) and pre-hypertensive (MHS-pre) Milan rats at 30 days of age. Each bar represents the mean ± s.e.m., n = 6 animals in each group. 
A) Body weight; B) Left ventricular (LV) weight/body weight (BW) ratio; C) Systolic blood pressure (SBP); D) Brain natriuretic peptide (NPPB) mRNA 
expression levels; E) (3-myosin heavy chain (P-MHC) mRNA expression levels; F) a-myosin heavy chain (a-MHC) mRNA expression levels; G) 
Representative hematoxylin and eosin stained cross-sections from the left ventricle MNS and MHS-pre rats. Bar: 50 [im; H) Expression levels of mRNA 
for SIK isoforms. 

doi:10.1371/journal.pone.0095771.g001 
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Figure 2. Adducin controls cellular SIK2 expression. A) 

Correlations between ot-adducin (left panel) and y-adducin {right panel) 
and SIK2 mRNA expression in biopsies obtained from human hearts. B) 
Representative Western blots of rx- (left panel) and y- adducin (right 
panel) in HL-1 cells transiently (48 h) transfected with ot-add- (ot-add.) or 
y-add- siRNAs (y-add.) and compared to control cells transfected with 
scrambled-siRNAs (scr.). Equal amount of protein (75 u.g) was loaded in 
each condition. Antibodies used: a-adducin (1:1000), y-adducin (1:1000) 
and loading control, p-tubulin (1:1000). C) Expression levels (mRNA) of 
a-, y- adducin, and SIK2 in cells transiently transfected with oc-add- (left 
panel) or y-add-siRNAs (right panel) vs. cells transfected with scrambled 
RNAs. Each bar represents the mean ± s.e.m., n = 4. 
doi:1 0.1 371 /journal.pone.0095771 .g002 

(Figure 3C), and a- and y-adducin with skeletal actin (Figure 3D). 
No correlation was found between P-adducin and any of the 
markers of CH (not shown). MEF2C (Myocyte-specific enhancer 
factor 2C, also known as MADS box transcription enhancer factor 
2) represents an important transcription factor central to 
cardiomyocyte development, and it is relevant for the development 
of CH [32]. The mRNA expression levels of SIK2, a- and y- 
adducin positively and significantly correlated with the expression 
patterns of MEF2C in these samples (Figure 3E). 

Given that the expression of ot-adducin, SIK2 and the markers 
of CH are positively correlated in human hearts and that in MHS- 
pre hearts the presence of the hypertensive variant of a-adducin is 
associated with increased levels of SIK2 and CH markers, we 
speculate that the presence of a-adducin (hypertensive variant) 
could, by activating SIK2, sensitize to and trigger the molecular 
mechanism leading to CH. Adducin polymorphisms have been 
described also in humans [30] , therefore we examined whether the 
presence of the human hypertensive variant of a-adducin (ADD 1 



Gly460Trp) was also associated with increased SIK2 expression, as 
observed in MHS-pre rats. Experiments were performed in HL-1 
cells transiendy overexpressing either the normotensive or the 
hypertensive variant of a-adducin. This cell line expresses the 
SIK2 isoform (Figure 4A). Transient overexpression of the 
hypertensive a-adducin did not change the SIK2 mRNA 
expression (Figure 4B), but it did result in an increase (a trend 
that did not reach statistical significance) in SIK2 catalytic activity 
(Figure 4C) when compared to cells transiently overexpressing the 
normotensive variant. Finally, we examined whether SIK2 could 
mediate the effects of the hypertensive variant of a-adducin on the 
expression levels of markers of CH (P-MHC and NPPB), as 
inferred from the observations in MHS-pre rats. The effects of a- 
adducin on P-MHC and NPPB expression were studied in HL-1 
cells overexpressing one of the two a-adducin variants (normo- 
tensive or hypertensive) together with either the SIK2 wild-type or 
the SIK2 dominant negative mutant (K49M, which lacks kinase 
activity) [28]. The results clearly demonstrated that the transient 
overexpression of the hypertensive variant of a-adducin signifi- 
cantly increased P-MHC (Figure 4D) and NPPB (Figure 4E) 
expression, effect that was blocked in cells overexpressing the SIK2 
defective kinase. The latter observation confirms the hypothesis 
that SIK2 at least partly mediates the effects of adducin on CH 
gene expression. Furthermore, the presence of the hypertensive 
variant of a-adducin led to increased MEF2C activity, and this 
effect was absent in cells overexpressing the SIK2 K49M mutant 
(Figure 4F). 

SIK2 is Critical for the Development of Left Ventricle 
Hypertrophy in Response to Chronic High-salt Intake 

MHS rats at 30 days of age have not yet developed 
hypertension, but their body weight, glomerular filtration rate 
and renal tubule Na + ,K + -ATPase and Na + /K + / CI co-transport- 
er activity are all increased. Therefore, we speculated that SIK2 
may not only mediate the effects of genetic variants of a-adducin 
on CH, but also represents a sensor for the sodium imbalances that 
result in abnormal cardiac growth. To test this hypothesis, we used 
a transgenic mouse with an ablation of the sik2 gene [23], 
Transgenic animals (sik2~ / ~) and their wild-type counterparts 
(sikZ* *) aged 4 months were given either water alone (normal salt) 
or with 1% saline (high salt) as drinking fluid. After 14 weeks, 
sik2 +/+ and sik2 / mice drinking normal or high salt water 
maintained plasma electrolytes homeostasis (Table 1) and had 
similar and normal body weight (Figure 5A), systolic (SBP) 
(Figure 5B), and diastolic blood pressure (DBP) (Figure 5C), as 
weU as heart rate (b/min: sik2 +/+ -NS: 479 ±50 vs. jtfc^-HS: 
493±43, and in ,nfc2 _/_ NS: 488±44 vs. sik2~ / ~HS: 472±29). 
Among the mice receiving high salt water, the heart weight 
increased significantiy in the sik2 +/+ , but it remained unchanged in 
sik2 1 mice (Figure 5D). Gross images of the whole heart 
demonstrated that high salt intake was associated with larger 
hearts in sik2 +/+ mice when compared to sik2 7 mice and to 
those given normal salt (Figure 5E). The increased size of the LV 
walls was also confirmed by echocardiography in living animals 
(Figure 5F). Whereas high salt intake significantly increased the 
LV anterior wall (Figure 5G) and posterior wall thickness 
(Figure 5H) in sik2 +/+ mice, this effect was absent in sik2~ f ~ 
mice. The LV end diastolic diameter as well as the fractional 
shortening (Figure 51 and J) was not significandy different between 
the different genotypes, or between mice with different salt content 
of the diet. The hemodynamic data (Table 2) indicate that the 
LVH induced by long-term high salt intake in sik2 +/+ mice was 
associated with enlargement of LV end- systolic and end- diastolic 
volumes, and reduction of ejection fraction, although without 
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Figure 3. Correlations between mRNA levels of adducin and SIK2 with markers of CH in 139 biopsies from human hearts. A) 

Correlation between SIK2 and p-myosin heavy chain mRNA (MYH7) {left panel), cardiac specific p-myosin heavy chain mRNA (MYH7B) {middle panel) 
and sarcomere p-myosin heavy chain mRNA (MYH7.2) (right panel). B) Correlation between the mRNA expression levels of SIK2 and skeletal actin gene 
(ACTA1). C) Correlation between the mRNA expression levels of a-adducin (left panel) and y-adducin (right panel) and sarcomere p-myosin heavy 
chain (MYH7.2). D) Correlation between the mRNA expression levels of a-adducin (left panel) and y-adducin (right panel) and skeletal actin gene 
(ACTA1). E) Correlation between the mRNA expression levels of SIK2 (left panel), a-adducin (middle panel), y-adducin (right panel) and MEF2C. 
doi:10.1371/journal.pone.0095771.g003 



significant change of cardiac output, dP/dt max and dP/ dt min. 
In sik2~'~ mice, the LV volumes were not significantly changed 
after the administration of a high salt diet, whereas the stroke 
volume and ejection fraction were increased. These data suggest 
that apart from a subtle increase of preload in sik2 as well as 
sik2 + + mice, there exists an obviously advanced heart remodeling 
in sik2 +/+ mice in response to chronic high salt intake. 

At the molecular level, the mRNA expression of markers of 
cardiac hypertrophy was significantly higher in the LV from sih?*^ 
mice drinking 1 % saline vs. normal salt ((3-MHG = A.U.: 0.53 + 0.05 
vs. 1.23±0.26, p = 0.025; MEF2C = A.U.: 0.38±0.02 vs. 
0.62±0.01,^ = 0.045), but not in sik2~'~ mice. 



Together, these data indicate that LVH triggered by chronic 
high salt intake is mediated by SIK2 action independendy of blood 
pressure levels. 

Discussion 

The results from this work demonstrate that SIK2 is responsible 
for the cellular/ molecular events in cardiac myocytes that lead to 
LVH. Furthermore, the mediatory effect of SIK2 becomes 
relevant during high salt intake/plasma volume expansion, and 
in animals carrying a genetic variant of the cytoskeletal protein a- 
adducin, which is also associated with imbalance in sodium 
homeostasis. More importandy, these results indicate that high salt 
intake - independently of altered (elevated) arterial blood pressure - 
may result in CH via SIK2 action. The strength of these 
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SIK2-WT SIK2-K49M 



Figure 4. Acting via SIK2, adducin controls the expression of transcription factors and gene expression associated with CH. A) 

Presence of SIK1 and SIK2 isoforms in HL-1 cells in culture. An equal amount of protein (150 ug) was loaded in each condition. SDS-PAGE and 
Western blot was performed and a representative blot is shown. B) SIK2 mRNA expression levels in HL-1 cells expressing either the normotensive (NT) 
or hypertensive (HT) variant of oc-adducin. C) SIK2 activity in HL-1 cells expressing either the normotensive (NT) or hypertensive (HT) variant of oc- 
adducin. Bars represent the mean + s.e.m. of 6 experiments. D) (3-myosin heavy chain (p-MHC) luciferase activity in HL-1 cells co-expressing either 
variant (NT or HT) of a-adducin with the SIK2 wild-type or a negative mutant (SIK2-K49M). E) Brain natriuretic peptide (BNP) luciferase activity in HL-1 
cells expressing co-expressing either variant (NT or HT) of a-adducin with the SIK2 wild-type or a negative mutant (SIK2-K49M). F) MEF2C luciferase 
activity in HL-1 cells co-expressing either variant (NT or HT) of oc-adducin with the SIK2 wild-type or a negative mutant (SIK2-K49M). Mean + s.e.m. of 6 
experiments performed in duplicate are shown. 
doi:1 0.1 371 /journal.pone.0095771 .g004 



observations rests on the fact that we have used human heart 
material to establish correlation between the expression levels of 
SIK2 and those of established markers of CH, and subsequendy 
performed in vitro and in vivo studies that confirmed their 
interdependence . 

SIK isoforms (in particular SIK1) have been shown to act as 
mediators during the cellular adaptation to changes in intracellular 
sodium concentration. Although ubiquitous, this effect is particu- 
larly relevant in the renal epithelia [15], and in cardiac myocytes 
[33]. In cardiac myocytes, SIK1 mediates the increases in MEF2C, 
NFAT5c and genes associated with CH in response to increases in 
intracellular sodium [33] . However, the present study demonstrates 
that in vivo the SIK2 isoform, rather than SIK 1 , is more relevant for 
abnormal LV growth. Experiments using sik2~ / ~ and sik2^ /+ mice 
showed a direct link between the presence of SIK2 and the 
development of CH triggered by chronic high salt intake. Whereas 



this study demonstrates its importance in cardiac myocytes, it does 
not exclude the possibility that SIK2 present in other cell types could 
also be of relevance by affecting the release and/or the action of 
unknown cellular mediators activated in response to the higher 
content of salt in the diet. Ideally, the relative contribution of 
myocardial vs. non-myocardial SIK2 should be studied in animal 
models selectively lacking the cardiac SIK2 isoform. However, even 
without this information, it appears that blocking SIK2 activity/ 
expression may be an important way to prevent the increase in LVM 
occurring in response to a high salt intake and/or to abnormal 
elevations in arterial blood pressure. 

In Milan pre-hypertensive rats, the presence of the hypertensive 
variant of a-adducin was associated with elevated mRNA levels of 
markers of LVH and SIK2. The occurrence of these changes in 
the absence of other significant cardiovascular events indicates that 
this is an early step during LVH development and suggests that the 
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Figure 5. Effects of high salt diet on blood pressure and left ventricle size in sik2^ /+ and sik2 ' mice. Black bars correspond to mice on 
normal salt diet, whereas blue bars correspond to mice on high salt diet. A) Body weight, B) Systolic blood pressure (SBP), C) Diastolic blood pressure 
(DBP) and D) Heart weight/body weight (HW/BW) ratio. E) Representative gross images of whole hearts, and F) Representative ultrasound scans. 
Quantitative analysis of G) left ventricular anterior wall (LVAW) thickness, H) left ventricular posterior wall (LVPW) thickness, I) Left ventricular end- 
diastolic diameter (LVDd) and J) Fractional shortening (FS). Mean ± s.e.m. of 7-9 mice in each group. 
doi:1 0.1 371 /journal.pone.0095771 .g005 



presence of the hypertensive variant of ot-adducin constitutes per se 
a risk factor for LVH. The lack of fibrosis and of increase in heart 
size observed in young MHS-pre rats is understandable because 
these are signs of an advanced cardiac hypertrophic phenotype 
that becomes evident in adult Milan hypertensive rats. 

The observations obtained from Milan rats were also supported 
by correlation studies performed in myocytes from human hearts. 
Only a- and y-adducin (but not P-adducin) positively correlate 
with the mRNA levels of SIK2 and molecular markers of LVH, 
and the same correlation was observed between SIK2 and these 
molecular markers. Even though the correlation studies per se do 



not provide a strong support for the importance of adducins and 
SIK2, they do add evidence to support the overall hypothesis that 
oc-, y-adducin and SIK2 are involved in the development of LVH, 
when taken together with the results from rat, mouse and in vitro 
studies. Importantly, specific knockdown of adducin isoforms using 
siRNAs in mouse cardiac myocytes showed that ot-adducin in 
particular controls SIK2 mRNA expression. The molecular 
mechanism for this phenomenon remains to be explored. 
Furthermore, the increase of P-MHC and NPPB expression in 
cardiac myocytes overexpressing the hypertensive variant of ot- 
adducin required SIK2 activity. Whereas in Milan pre-hyperten- 



Table 1. Serum electrolytes. 







mice 


normal salt 


high salt 


P-values 


Sodium, mE/L 


sik2 +/+ 


148±2.0 


147±2.1 


n.s. 




sik2~'- 


149±1.3 


148±1.0 


n.s. 


Potassium, mE/L 


sik? /+ 


5.7±1.1 


6.4±0.8 


n.s. 




sik2~'- 


5.6±1.8 


5.2±1.1* 


n.s. 


Chloride, mE/L 


sikf /+ 


113+1.7 


1 15+2.2 


n.s. 




sik2''~ 


112+1.6 


114±2.0 


n.s. 



mE/L= milliequivalents per liter. Values are means ± SD. *p = 0.038 [sik2 +/+ vs. sik2 7 under high salt). 
doi:1 0.1 371 /journal.pone.0095771 .t001 
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Table 2. Hemodynamic studies. 







mice 


normal salt 


high salt 


P-values 


LVEDV, nl 


sik2 +/+ 


31.4±4.6 


36.9±4.5 


0.0383 




sik2 _/ - 


36.6±5.7 


34.9±6.5 


n.s. 


LVESV, |il 


sik2 +/+ 


11.7±2.6 


19.6+33 


0.0002 




sik2~'~ 


14.5±3.6 


11.6+4.7 


n.s. 


LVEDP, mmHg 


sik2 +/+ 


6.78±2.9 


11.67±2.8 


0.0065 




sik2~'~ 


7.64±3.1 


7.51 ±2.6 


n.s. 


LVESP, mmHg 


sik2 +/+ 


100.2 ±5. 2 


107.9±11.8 


n.s. 




sik2~'~ 


94.7 ±7.8 


99.9±6.7 


n.s. 


EF % 


sik2 +/+ 


67.5 ±6.9 


57.0+2.1 


0.0034 




sik2~'~ 


63.1 ±7.8 


73.3+8.1 


0.0153 


Stroke Volume, ul 


sik2 +/+ 


22.7±3.9 


23.2±2.2 


n.s. 




sik2~'~ 


23.3 ±4.8 


27.3+4.1 


0.0191 


Cardiac output, ul/min 


sik2 +/+ 


10341 ±3673 


11505±1586 


n.s. 




sik2~'~ 


11521 ±3286 


12937±2188 


n.s. 


dP/dt max, mmHg/sec 


sik2 +/+ 


8352±2149 


7657±1091 


n.s. 




sik2~'~ 


7994±2147* 


8880 ±2645*** 


n.s. 


dP/dt min, mmHg/sec 


sik2 +/+ 


-7886 ±867 


-7989±1150 


n.s. 




sik2~'~ 


-7487±1704 


-7832±1166 


n.s. 



LVEDV = left ventricular end-diastolic volume, LVESV = left ventricular end-systolic volume, LVEDP = left ventricular end-diastolic pressure, LVESP = left ventricular 
end-systolic pressure, EF = ejection fraction. Values are means ± SD. 
*p = 0.05 (sik2 +/+ vs. s\k2~'~ under normal salt), 
***p = 0.001 (s*2 +/+ vs. sHOT'' under high salt). 
doi:1 0.1 371 /joumal.pone.0095771 .t002 



sive rats the increased levels of markers of LVH are mediated 
solely by the presence of the hypertensive ot-adducin variant acting 
via SIK2 alone or in combination with other factors that are 
influenced by altered sodium homeostasis remains unknown. At 
this young age, these animals do not show high blood pressure, but 
they may have renal dysfunction (increase in glomerular filtration 
rate [34] and increase in Na + ,K + -ATPase activity along several 
nephron segments [31]) leading to sodium retention, and possibly 
to an increase in plasma volume reflected by the increased body 
weight. 

How is the effect of a high salt diet translated into LVH without 
increases in arterial blood pressure? In this study we have not 
attempted to address this question. However, we can speculate 
that the effect could be achieved directly by a higher (absolute) 
content of sodium in the extravascular space (exchangeable 
sodium) due to its high content in the diet [35] and without 
necessarily reaching a higher plasma concentration (mE/L). Also, 
CH could be mediated through humoral factors such as 
endogenous ouabain (EO) or still unknown mediators released in 
response to high salt diet. Indeed, EO levels increase upon a high 
salt intake [36] and it has been demonstrated that elevated levels of 
circulating EO are associated with LV remodeling and greater LV 
mass in hypertensive rats [37]. Although this possibility is 
attractive, EO has generally been associated with elevated arterial 
blood pressure, and we did not observed such elevation in blood 
pressure in the Milan pre-hypertensive rats (at the time where 
studies were performed) nor in the sik2^ /+ mice. 

Several studies in the past have demonstrated the relevance of 
diverse signaling molecules for normal/ abnormal development of 



the heart. However, with the exception of few studies 
[38,39,40,41], direct evidence for the involvement of these 
signaling molecules in LVH is scarce. In this study, we identify 
SIK2 as a molecule of relevance for the development of 
pathological hypertrophy due to high salt intake. 

Our results open the possibility for a new therapeutic regimen 
targeting SIK2 during CH. Furthermore, agents that block SIK2 
may not only be of benefit by preventing the development of CH 
in patients at risk (salt-sensitive), but also by promoting the 
regression of already established CH. 

Acknowledgments 

The authors thank Giuseppe Bianchi and Patrizia Ferrari for expert advice 
and constructive criticism. We also thank Zixu Mao, David Gardner, and 
Robert MacLellan for providing reagents and Ayako Kumagai and Yumi 
Itoh for technical support. We thank ProteinExpress Co. Ltd. (Chiba, 
Japan) for providing the sik2 / mice. This study was directed by Dr. 
Alejandro M. Bertorello. Unfortunately he passed away 23rd January 
2013. All coauthors have agreed on the submission of the manuscript on 
his behalf. 

Author Contributions 

Conceived and designed the experiments: AMB. Performed the experi- 
ments: SP HT TT YM KO NM NP MJP LT MF LB. Analyzed the data: 
SP HT TT YM KO NM NP MJP AFC LT MF AH PSD PE AMB LB. 
Wrote the paper: AMB LB. Obtain and provide the human heart biopsies 
from the surgeries: AFC. 



PLOS ONE | www.plosone.org 



9 



April 2014 | Volume 9 | Issue 4 | e95771 



SIK2 and Cardiac Hypertrophy 



References 

1. Molkcntin JD, Dorn GW 2nd (2001) Cytoplasmic signaling pathways that 
regulate cardiac hypertrophy. Annu Rev Physiol 63: 391^26. 

2. Frey N, Olson EN (2003) Cardiac hypertrophy: the good, the bad, and the ugly. 
Annu Rev Physiol 65: 45-79. 

3. Marian AJ (2003) On predictors of sudden cardiac death in hypertrophic 
cardiomyopathy. J Am Coll Cardiol 41: 994-996. 

4. de Wardener HE, He FJ, MaeCregor GA (2004) Plasma sodium and 
hypertension. Kidney Int 66: 2454-2466. 

5. Du Cailar G, Ribstein J, Daures JP, Mimran A (1992) Sodium and left 
ventricular mass in untreated hypertensive and normotensive subjects. 
Am J Physiol 263: H177-181. 

6. Frohlich ED, Varagic J (2004) The role of sodium in hypertension is more 
complex than simply elevating arterial pressure. Nat Clin Pract Cardiovasc Med 
1: 24-30. 

7. Ferreira DN, Katayama IA, Oliveira IB, Rosa KT, Furukawa LN, et al. (2010) 
Salt-induced cardiac hypertrophy and interstitial fibrosis are due to a blood 
pressure-independent mechanism in Wistar rats. J Nutr 140: 1742-1751. 

8. Heineke J, Molkentin JD (2006) Regulation of cardiac hypertrophy by 
intracellular signalling pathways. Nat Rev Mol Cell Biol 7: 589-600. 

9. Wang Z, Takemori H, Haider SK, Nonaka Y, Okamoto M (1999) Cloning of a 
novel kinase (SIK) of the SNF1/AMPK family from high salt diet-treated rat 
adrenal. FEBS Lett 453: 135-139. 

10. Takemori H, Kanematsu M, Kajimura J, Hatano O, Katoh Y, et al. (2007) 
Dcphosphorylation of TORC initiates expression of the StAR gene. Mol Cell 
Endocrinol 265-266: 196-204. 

11. Jalcel M, McBride A, Lizcano JM, Dcak M, Toth R, et al. (2005) Identification 
of the sucrose non-fermenting related kinase SNRK, as a novel LKB1 substrate. 
FEBS Lett 579: 1417-1423. 

12. Lizcano JM, Goransson O, Toth R, Dcak M, Morrice NA, et al. (2004) LKB1 is 
a master kinase that activates 13 kinases of the AMPK subfamily, including 
MARK /PAR- 1 . EMBO J 23: 833-843. 

13. Berdeaux R, Goebcl N, Banaszynski L, Takemori H, Wandless T, et al. (2007) 
SIK1 is a class II HDAC kinase that promotes survival of skeletal myocytes. Nat 
Med 13: 597-603. 

14. Koo SH, Flechner L, Qi L, Zhang X, Screaton RA, et al. (2005) The CREB 
coactivator TORC2 is a key regulator of fasting glucose metabolism. Nature 
437: 1109-1111. 

15. Sjostrom M, Stenstrom K, Ending K, Z wilier J, Katz Al, ct al. (2007) SIK1 is 
part of a cell sodium-sensing network that regulates active sodium transport 
through a calcium-dependent process. Proc Natl Acad Sci USA 104: 16922- 
16927. 

16. Jaitovich A, Bertorello AM (2010) Intracellular sodium sensing: SIK1 network, 
hormone action and high blood pressure. Biochim Biophys Acta 1802: 1140— 
1149. 

17. Stenstrom K, Takemori H, Bianchi G, Katz Al, Bertorello AM (2009) Blocking 
the salt-inducible kinase 1 network prevents the increases in cell sodium 
transport caused by a hypertension-linked mutation in human alpha- adduc in. 
J Hypcrtens 27: 2452-2457. 

18. Popov S, Silveira A, Wagsater D, Takemori H, Oguro R, et al. (2011) Salt- 
inducible kinase 1 influences Na(+),K(+)-ATPase activity in vascular smooth 
muscle cells and associates with variations in blood pressure. J Hypcrtens 29: 
2395-2403. 

19. RuizJC, Conlon FL, Robertson EJ (1994) Identification of novel protein kinases 
expressed in the myocardium of the developing mouse heart. Mech Dcv 48: 
153-164. 

20. Stephenson A, Huang GY, Nguyen NT, Reuter S, McBride JL, et al. (2004) 
snfllk encodes a protein kinase that may function in cell cycle regulation. 
Genomics 83: 1105-1115. 

21. Romito A, Lonardo E, Roma G, Minchiotti G, Ballabio A, et al. (2010) Lack of 
sikl in mouse embryonic stem cells impairs cardiomyogencsis by down- 
regulating the cyelin-dcpendcnt kinase inhibitor p57kip2. PLoS One 5: c9029. 



22. Folkersen L, Wagsater D, Palosehi V, Jackson V, Pctrini J, ct al. (2011) 
Unraveling divergent gene expression profiles in bicuspid and tricuspid aortic 
valve patients with thoracic aortic dilatation: the ASAP study. Mol Med 17: 
1365-1373. 

23. Horike N, Kumagai A, Shimono Y, Onishi T, Itoh Y, ct al. (2010) 
Downregulation of SIK2 expression promotes the melanogcnic program in 
mice. Pigment Cell Melanoma Res 23: 809-819. 

24. Claycomb WC, Lanson NAJr, Stallworth BS, Egeland DB, Delearpio JB, et al. 
(1998) HL-1 cells: a cardiac muscle cell line that contracts and retains phenotypic 
characteristics of the adult cardiomyocytc. Proc Natl Acad Sci USA 95: 2979- 
2984. 

25. Efcndiev R, Krmar RT, Ogimoto G, Zwiller J, Tripodi G, et al. (2004) 
Hypertension-linked mutation in the adducin alpha-subunit leads to higher AP2- 
mu2 phosphorylation and impaired Na+, K+-ATPase trafficking in response to 
GPCR signals and intracellular sodium. Circ Res 95: 1 100-1 108. 

26. Shin HH, SeohJY, Chung HY, Choi SJ, Hahn MJ, et al. (1999) Requirement of 
MEF2D in the induced differentiation of HL60 promyeloid cells. Mol Immunol 
36: 1209-1214. 

27. Katoh Y, Takemori H, Lin XZ, Tamura M, Muraoka M, et al. (2006) Silencing 
the constitutive active transcription factor CREB by the LKB1-SIK signaling 
cascade. FEBS J 273: 2730-2748. 

28. Horike N, Takemori H, Katoh Y, DoiJ, Mm L, et al. (2003) Adipose-specific 
expression, phosphorylation of Ser794 in insulin receptor substrate- 1, and 
activation in diabetic animals of salt-inducible kinasc-2. J Biol Chem 278: 
18440-18447. 

29. Carlson SH, Wyss JM (2000) Long-term tclcmctric recording of arterial pressure 
and heart rate in mice fed basal and high NaCl diets. Hypertension 35: El— 5. 

30. Bianchi G (2005) Genetic variations of tubular sodium rcabsorption leading to 
"primary" hypertension: from gene polymorphism to clinical symptoms. 
Am J Physiol Regul Integr Comp Physiol 289: R1536-1549. 

31. Ferrandi M, Tripodi G, Salardi S, Florio M, Modica R, ct al. (1996) Renal 
Na,K-ATPase in genetic hypertension. Hypertension 28: 1018-1025. 

32. Black BL, Olson EN (1998) Transcriptional control of muscle development by 
myocyte enhancer factor-2 (MEF2) proteins. Annu Rev Cell Dcv Biol 14: 167— 
196. 

33. Popov S, Venctsanou K, Chedresc PJ, Pinto V, Takemori H, et al. (2012) 
Increases in intracellular sodium activate transcription and gene expression via 
the salt-inducible kinase 1 network in an atrial myocyte cell line. Am J Physiol 
Heart Circ Physiol 303: H57-65. 

34. Capasso G, Rizzo M, Evangelista C, Ferrari P, Geelen G, et al. (2005) Altered 
expression of renal apical plasma membrane Na+ transporters in the early phase 
of genetic hypertension. Am J Physiol Renal Physiol 288: Fl 173-1 182. 

35. Kometiani P, Li J, Gnudi L, Kahn BB, Askari A, et al. (1998) Multiple signal 
transduction pathways link Na+/K+- ATPase to growth-related genes in cardiac 
myocytes. The roles of Ras and mitogen-aetivatcd protein kinases. J Biol Chcm 
273: 15249-15256. 

36. Hamlyn JM, Manunta P (2011) Endogenous ouabain: a link between sodium 
intake and hypertension. Curr Hypcrtens Rep 13: 14-20. 

37. Manunta P, Stella P, Rivera R, Ciurlino D, Cusi D, et al. (1999) Left ventricular 
mass, stroke volume, and ouabain-like factor in essential hypertension. 
Hypertension 34: 450^156. 

38. Heineke J, Auger-Messier M, Correll RN, Xu J, Benard MJ, et al. (2010) CIB1 is 
a regulator of pathological cardiac hypertrophy. Nat Med 16: 872—879. 

39. Shioi T, McMullen JR, Kang PM, Douglas PS, Obata T, ct al. (2002) Akt/ 
protein kinase B promotes organ growth in transgenic mice. Mol Cell Biol 22: 
2799-2809. 

40. Xiao J, Jiang H, Zhang R, Fan G, Zhang Y, et al. (2012) Augmented cardiac 
hypertrophy in response to pressure overload in mice lacking ELTD1. PLoS 
One 7: c35779. 

41. Zhou H, Shen DF, Bian ZY, Zong J, Deng W, et al. (2011) Activating 
transcription factor 3 deficiency promotes cardiac hypertrophy, dysfunction, and 
fibrosis induced by pressure overload. PLoS One 6: e26744. 



PLOS ONE | www.plosone.org 



10 



April 2014 | Volume 9 | Issue 4 | e95771 



